A low threshold current density of 2 µm InGaAsSb/AlGaAsSb muti-quantum well (MQW) laser diode with carrier blocking layer (CBL) is demonstrated by simulation and fabrication. The carrier leakage is found to be theoretically suppressed for the devices with CBL. All the laser wafers are grown with a solid source Molecular Beam Epitaxy(MBE) System. Experimental results reveal the samples with CBL exhibits ultra-low threshold current densities of 142 A/cm 2 and high slope efficiency of 0.158 W/A, which is better than 215 A/cm 2 and 0.122 W/A achieved in the conventional InGaAsSb/AlGaAsSb LDs at room temperature. This improvement in device performance comes from meticulously designing the carrier blocking layers to increase carrier confinement and injection efficiency.
Introduction
InGaAsSb/AlGaAsSb quaternary quantum well systems have recently become increasingly prominent due to their potential application as semiconductor diode lasers emitting at wavelengths of around 2 µm, which are in high demand for a variety of applications, including fire detection, infrared imaging sensors, molecular spectroscopy and low loss optical fiber communications [1] [2] [3] [4] . However, the high threshold current density, strongly temperature sensitive 2 µm InGaAsSb/AlGaAsSb LDs caused by Auger recombination rates at the MQW active region and large carrier leakage losses in cladding layers remain a great challenge [5, 6] . In order to solve this problem, more attention is now focused on the improvement of molecular beam epitaxy(MBE) fabrication technology of antimonide LDs, but the reports about optimization for the structure of 2 µm InGaAsSb/AlGaAsSb LDs are rare. It is reported that a proper increase of the quantum well number in the active region is an effective solution to solve the above problems, but a high number can degrade the output characteristics of LDs [7, 8] .
Based on band engineering and carrier transportation mechanisms [9, 10] , 2 µm InGaAsSb/ AlGaAsSb muti-quantum well laser diode with carrier blocking layer(CBL) is proposed, with the aim of reducing the threshold current density and improving injection efficiency.
Theoretical Analysis
In order to understand the carrier dynamics inside the active region of LDs, the carrier transportation mechanisms are investigated. Figure 1 illustrates the carrier transport process in the InGaAsSb/AlGaAsSb 3QWs LD.
In order to understand the carrier dynamics inside the active region of LDs, the carrier transportation mechanisms are investigated. Figure 1 illustrates the carrier transport process in the InGaAsSb/AlGaAsSb 3QWs LD. As shown in Figure 1 , the electrons injected from the N-side into the active region are captured by the first quantum well, and are transferred to the next quantum well by tunneling or diffusing the barrier. The process is repeated until the electrons flow into the P-side. The energy discontinuity between the waveguide and cladding layers could prevent the minority carriers from following into the high-doped area. But for antimonide materials, the small conduction band offsets reduce the carrier confinement, and the high mobility of carrier electrons further accelerate the minority carriers spilling over the active region. The minority carrier concentration 1 N is calculated by using the following equation [10] :
, h is Planck constant, m is electron effective mass, n F is the Fermi level, and k is the Boltzmann's constant. Equation (1) indicates that the concentration of minority carriers decreases with increase of the conduction band offset c E Δ .
The electron leakage current density 1 J can be estimated by using the following formula, if only considering the thermionic emission diffusion:
where D and L are the electron diffusion coefficient and length at the P-side respectively. When the carriers are injected into the active region, they can either recombine radiatively or not radiatively.
The lowest threshold current density 2 J is modeled as Equation (3) . As shown in Figure 1 , the electrons injected from the N-side into the active region are captured by the first quantum well, and are transferred to the next quantum well by tunneling or diffusing the barrier. The process is repeated until the electrons flow into the P-side. The energy discontinuity between the waveguide and cladding layers could prevent the minority carriers from following into the high-doped area. But for antimonide materials, the small conduction band offsets reduce the carrier confinement, and the high mobility of carrier electrons further accelerate the minority carriers spilling over the active region. The minority carrier concentration N 1 is calculated by using the following equation [10] :
(1) where = h 2π , h is Planck constant, m is electron effective mass, F n is the Fermi level, and k is the Boltzmann's constant. Equation (1) indicates that the concentration of minority carriers decreases with increase of the conduction band offset ∆E c .
The electron leakage current density J 1 can be estimated by using the following formula, if only considering the thermionic emission diffusion:
where D and L are the electron diffusion coefficient and length at the P-side respectively. When the carriers are injected into the active region, they can either recombine radiatively or not radiatively. The lowest threshold current density J 2 is modeled as Equation (3).
where τ is the electron average lifetime and d is the thickness of the active region. Thus, the laser threshold current density J th is calculated as follows:
From Equation (4), it is known that the laser threshold current density can be reduced with the decrease of carrier leakage. Therefore, a large band offset between the waveguide and cladding layers should be designed elaborately to block the minority carriers from flowing into the high-doped area in order to improve the opto-electrical properties of 2 µm InGaAsSb/AlGaAsSb LDs.
Laser Diode Structure Optimization
Based on the band engineering and carrier transportation mechanism [9] [10] [11] , a optimized 2 µm InGaAsSb/AlGaAsSb laser diode with graded carrier blocking layer(CBL) is proposed. The CBL is inserted between the waveguide and cladding layers, which can provide adequate confinement of carriers in the active region. The schematics of proposed design with CBL are given in Figure 2 .
From Equation (4), it is known that the laser threshold current density can be reduced with the decrease of carrier leakage. Therefore, a large band offset between the waveguide and cladding layers should be designed elaborately to block the minority carriers from flowing into the high-doped area in order to improve the opto-electrical properties of 2 μm InGaAsSb/AlGaAsSb LDs.
Based on the band engineering and carrier transportation mechanism [9] [10] [11] , a optimized 2 μm InGaAsSb/AlGaAsSb laser diode with graded carrier blocking layer(CBL) is proposed. The CBL is inserted between the waveguide and cladding layers, which can provide adequate confinement of carriers in the active region. The schematics of proposed design with CBL are given in Figure 2 . As shown in Figure 2 , the core region of this laser is constructed by three In0.25G0.75As0.02Sb0.75 undoped wells sandwiched between Al0.25Ga0.75As0.02Sb0.98 barriers. The thickness of wells and barriers are 10 nm and 30 nm respectively. The core region is incorporated in undoped 0.45 μm Al0.25Ga0.75As0.02Sb0.98 broadened waveguide layers. The graded carrier blocking layer(CBL) AlGaAsSb is followed by the waveguide layer, and the next is the cladding layer of Al0.8Ga0.2As0.08Sb0.92 with 1.2 μm in thickness. The n-cladding layer is Te-doped to n = 4 × 10 17 cm −3 , the p-cladding layer is Be doped to p = 5 × 10 −18 cm −3 . The GaSb buffer is Te-doped with n = 1 × 10 −18 cm −3 and the substrate is oriented Te doped GaSb with n = 1 × 10 −19 cm −3 .
The CBL with graded Aluminum compositions of x = 0.8-0.25(Al-rich) and x = 0.25-0.8 (Ga-rich) is designed not only to reduce the voltage drop at the interface of heterojunction but also to improve the quality of interface. It is also designed as undoped, taking into account internal factors caused by the impurity scattering and non-radiative recombination. The thickness of CBL is set to be 50 nm to prevent the minority carriers from overflowing to the cladding layers, considering the thermal resistance of the laser diode.
Results and Discussion
In order to predict the electrical and optical properties of semiconductor lasers with various structures, an advanced simulation should be conducted in the device design. However, it always failed to simulate the InGaAsSb/AlGaAsSb LDs, due to the lack of an effective material database of the antimonide material system. Based on the basic parameters of related binary compounds and Vegard's Law, we set up the material database for InGaAsSb/AlGaAsSb LDs and simulate the devices with and without CBL by Pics3d software package. The key material parameters are shown in Table  1 . The CBL with graded Aluminum compositions of x = 0.8-0.25(Al-rich) and x = 0.25-0.8 (Ga-rich) is designed not only to reduce the voltage drop at the interface of heterojunction but also to improve the quality of interface. It is also designed as undoped, taking into account internal factors caused by the impurity scattering and non-radiative recombination. The thickness of CBL is set to be 50 nm to prevent the minority carriers from overflowing to the cladding layers, considering the thermal resistance of the laser diode.
In order to predict the electrical and optical properties of semiconductor lasers with various structures, an advanced simulation should be conducted in the device design. However, it always failed to simulate the InGaAsSb/AlGaAsSb LDs, due to the lack of an effective material database of the antimonide material system. Based on the basic parameters of related binary compounds and Vegard's Law, we set up the material database for InGaAsSb/AlGaAsSb LDs and simulate the devices with and without CBL by Pics3d software package. The key material parameters are shown in Table 1 .
The simulated band diagrams and distributions of the carrier concentrations in the InGaAsSb/AlGaAsSb LDs without and with CBL are shown in Figure 3a ,b, respectively. It can be seen that electrons and holes meet in the quantum wells and recombine completely. However, a large portion of the electrons from the n-side into the MQW leak into the p-cladding layer. This electron leakage strongly depends on the band offset between the waveguide and the cladding layers. According to Figure 3 , the effective barrier height for minority electrons is increased from 0.448 eV to 1.022 eV with the insert of CBL into the InGaAsSb/AlGaAsSb LDs, which results in a remarkable reduction in the concentration of electrons injected into the p-cladding layer. The concentration of electrons leakage is also down from 10 7 cm −3 to near 0. Meanwhile, the CBL also reduces the barrier height for holes in the p-side from 0.291 eV to 0.112 eV, which can enhance hole injection efficiency. As for the N-side, the Ev for minority holes is slightly increased from 0.953 eV to 1.024 eV, which leads to the concentration of holes leakage being reduced from 10 2 cm −3 to 10 1.5 cm −3 . Figure 4 plots the simulated radiative recombination rates in the active region of the two various structures. It is obviously seen that the radiative recombination rates in the last quantum well are the highest ones. This can be attributed to the highest carrier concentration accumulated in the last QWs next to the p-type layer. The higher radiative recombination rates in the active region are also observed for the devices with CBL, which proved that the CBL can result in a reduction of the carrier leakage and enhancement of the carriers injection in the active region. Figure 4 plots the simulated radiative recombination rates in the active region of the two various structures. It is obviously seen that the radiative recombination rates in the last quantum well are the highest ones. This can be attributed to the highest carrier concentration accumulated in the last QWs next to the p-type layer. The higher radiative recombination rates in the active region are also observed for the devices with CBL, which proved that the CBL can result in a reduction of the carrier leakage and enhancement of the carriers injection in the active region.
The simulated P-I (optical power-current) characteristics for the 0.8-mm-long devices with and without CBL having the stripe width of 90 µm resonator length are illustrated in Figure 5 . It can be found that the threshold current density is reduced from 197 A/cm 2 to 126 A/cm 2 and the differential efficiency (η d ) is increased from 0.154 W/A to 0.193 W/A due to the optimization of the epitaxial structure design. Figure 4 plots the simulated radiative recombination rates in the active region of the two various structures. It is obviously seen that the radiative recombination rates in the last quantum well are the highest ones. This can be attributed to the highest carrier concentration accumulated in the last QWs next to the p-type layer. The higher radiative recombination rates in the active region are also observed for the devices with CBL, which proved that the CBL can result in a reduction of the carrier leakage and enhancement of the carriers injection in the active region. The simulated P-I (optical power-current) characteristics for the 0.8-mm-long devices with and without CBL having the stripe width of 90 μm resonator length are illustrated in Figure 5 . It can be found that the threshold current density is reduced from 197 A/cm 2 to 126 A/cm 2 and the differential efficiency Furthermore, in order to predict the beam quality of the new-proposed laser diode, the far-filed radiation profiles are also simulated. The vertical divergence angles are only 40° as shown in Figure  6 , which is better than most of these devices. Based on our previous experience and research for this work [11, 12] , the 2 μm InGaAsSb/AlGaAsSb samples without and with CBL are fabricated by using solid source molecular beam epitaxy(MBE) technology to further text these predictions. After growth, the Ti/Pt/Au is deposited as the P-electrode, the wafer is thinned to about 90 μm in thickness, and then deposited with AuGeNi/Au bottom contact and alloyed. All the wafer is cleaved into Fabry-Perot laser chips Furthermore, in order to predict the beam quality of the new-proposed laser diode, the far-filed radiation profiles are also simulated. The vertical divergence angles are only 40 • as shown in Figure 6 , which is better than most of these devices. Furthermore, in order to predict the beam quality of the new-proposed laser diode, the far-filed radiation profiles are also simulated. The vertical divergence angles are only 40° as shown in Figure  6 , which is better than most of these devices. Based on our previous experience and research for this work [11, 12] , the 2 μm InGaAsSb/AlGaAsSb samples without and with CBL are fabricated by using solid source molecular beam epitaxy(MBE) technology to further text these predictions. After growth, the Ti/Pt/Au is deposited as the P-electrode, the wafer is thinned to about 90 μm in thickness, and then deposited Based on our previous experience and research for this work [11, 12] , the 2 µm InGaAsSb/ AlGaAsSb samples without and with CBL are fabricated by using solid source molecular beam epitaxy(MBE) technology to further text these predictions. After growth, the Ti/Pt/Au is deposited as the P-electrode, the wafer is thinned to about 90 µm in thickness, and then deposited with AuGeNi/Au bottom contact and alloyed. All the wafer is cleaved into Fabry-Perot laser chips with cavity length of 800 µm by conventional steps. The structures are mounted epi-side down onto copper heat sinks, and the facets are kept uncoated.
The CW output power and operation voltage characteristics versus current of the various devices are illustrated in Figure 7 . It can be seen that the optimized 2 µm InGaAsSb/AlGaAsSb LD with CBL exhibited the threshold current density is as low as 142 A/cm 2 and η d is 0.158 W/A, while for the conventional devices, the threshold current density of the fabricated is 215 A/cm 2 and η d is 0.122 W/A. The experimental results are basically in agreement with the theoretical results, the small difference comes from the unavoidable technological and processing error. 
Conclusions
In summary, we have demonstrated a 2 μm InGaAsSb/AlGaAsSb laser diode with a graded composition AlGaAsSb carrier blocking layer(CBL) emitting at 2 μm by simulation and fabrication. The material database of InGaAsSb/AlGaAsSb LDs is set up to predict the optical and electronical properties of devices. The simulation results indicate that the graded interlayer can reduce the concentration of electrons leakage from 10 7 cm −3 to near 0, which results in a significant improvement in the radiative recombination rate and leads to a reduction of threshold current density compared to the conventional LDs. All the laser wafers are grown by using a solid source MBE system. The threshold density and slope efficiency of the optimized InGaAsSb/AlGaAsSb LD with CBL is 142 A/cm 2 and 0.158 W/A, which is better than 215 A/cm 2 and 0.122 W/A achieved in un-optimized devices at room temperature. This effect is attributed to an improved carrier injection and confinement that prevents carrier leakage into the high-doped region of the LDs while simultaneously enhancing carrier injection into the active region. 
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